Monocytes and macrophages-important mediators of innate immunity, health, and disease-are 37 sensitive to diet and stress. Western diets promote inflammation and disease, while 38
balance of monocyte phenotypes is essential for a healthy immune system. Classically-activated 83 "M1" monocytes respond to proinflammatory cytokines such as tumor necrosis factor (TNF)-α 84 and interferon (IFN)-γ by becoming macrophages which propagate the inflammatory response to 85 infection (Mosser and Edwards, 2008) . In contrast, M2 activated monocytes mobilize tissue 86 repair processes and release anti-inflammatory cytokines in response to interleukin (IL)-4, IL-13, 87
and transforming growth factor (TGF)-β (Mosser and Edwards, 2008) . Thus, diet may alter 88 disease propensity by reprogramming the balance between these proinflammatory and anti-89 inflammatory monocyte subsets (Devêvre et al., 2015) . 90 91 Diet is only one aspect of the environment that impacts health and survival by altering immune 92 function. Components of the social environment, such as social status and social integration, may 93 also affect these fitness outcomes by activating inflammatory programs in primary white blood 94 cells (Cole, 2013 ; Snyder-Mackler and Lea, 2018; Tung and Gilad, 2013) . For instance, socially 95 subordinate rhesus macaques exhibit increased activation of the inflammatory response through 96
MyD88-dependent Th1-mediated inflammatory activation in response to a bacterial infection 97 (Snyder-Mackler et al., 2016) . Given the similar molecular pathways through which diet and the 98 social environment impact health, these two environmental stimuli could compound or mitigate 99 one another. Moreover, given that changes in food intake can directly alter social behaviors 100 themselves (Kaplan et al., 1991; Warden and Fisler, 2008) , dietary effects could plausibly act 101 through (or interact with) social environmental effects. 102 103 Earlier investigations of diet effects on immune function primarily focused on the effects of 104 single nutrient modifications, which precluded potentially important synergistic effects of 105 multiple nutrients in a given diet (Hu, 2002) . Indeed, whole-diet modifications are more effective 106 at lowering heart rate than single-nutrient supplementation (Whelton et al., 1992) , and dietary 107 supplement trials have shown limited efficacy (Kimmig and Karalis, 2013; Ohlow et al., 2017; 108 Steinhubl, 2008) , emphasizing the need to study the effects of the entire diet rather than single 109 nutrients. Clinical studies of long-term diet effects and social influences on health are 110 challenging in humans as diet is difficult to control, and social influences are difficult to 111 document; thus both are limited by their reliance on self-report (Stice and Durant, 2014; 112 Suchanek et al., 2011). Further, no studies of whole diet manipulation in primates have probed 113 the molecular mechanisms through which diet can alter immune function-data that are critical to 114 identifying targets of future therapies and interventions. To address these gaps, we conducted a 115 long-term diet intervention study in nonhuman primates by feeding them either Mediterranean-116 or Western-like diets. After 15 months on the diet, we assessed monocyte polarization and gene 117 regulation by measuring genome-wide gene expression. As expected, proinflammatory genes 118 were more highly expressed in animals fed a Western diet relative to a Mediterranean diet, 119 indicative of shifts in monocyte phenotypes. Diet also affected gene co-expression patterns, 120 altering large modules of co-regulated genes, and influenced monkey behavioral phenotypes. 121
Western-fed monkeys became more socially isolated and exhibited more anxiety-associated 122 behaviors. Interestingly, these behavioral changes mediated some of the effects of diet on 123 monocyte gene expression. Together, these results suggest both direct and behaviorally-mediated 124 effects of diet on monocyte polarization that may contribute to chronic inflammatory diseases. 125 estern D iet n = 20 Behavioral data were collected during the last 6 weeks of the baseline phase and the first twelve months of the experimental phase. Body weight was measured 5 months prior to, and 14 months after the start of the experimental phase. Monocytes were isolated from blood collected 15 months after the start of the experimental phase. B) Experimental diets were isocaloric with respect to macronutrients, but differed in food sources and relative amounts of micronutrients. Orange bars indicate nutrients with higher concentration in the Western diet formulation, while blue bars indicate higher levels of a given nutrient in the Mediterranean diet. See SI Table 1 for a more detailed comparison of the two diets. C) Percent change in body weight from baseline after 14 months on the diet (t(23.0) = -3.02, p = 0.0023).
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Monkeys fed the Western and Mediterranean diets differed in a suite of behaviors. Monkeys fed 141 the Mediterranean diet spent significantly more time in body contact (Mann-Whitney U = 280, 142 pBH = 5.3 x 10-5) and resting (U = 267, pBH = 0.0016), whereas those fed the Western diet spent 143 significantly more time alone (U = 48, pBH = 0.0042; Fig. 2A ). There was no significant 144 difference in behavior between the two diet groups in all other measured behaviors (SI Fig. 1 
, SI 145
Table 2), or in any behaviors during the baseline phase (SI Table 2 ). 146
147
We next leveraged the fact that some behaviors were correlated with one another (SI Fig. 2 
167
Diet alters monocyte gene expression and regulation 168
To test how diet affected circulating monocytes, we used RNA sequencing to measure genome-169 wide gene expression of purified CD14+ monocytes after 15 months on the experimental diets. 170
The first principal component of genome-wide gene expression, which explained 59.2% 171 variance, was significantly associated with diet (t(25.1) = -4.41, p = 1.7 x 10-4; Fig. 3A ), and 40% 172 of the 12,240 expressed genes (SI Table 5A ) were significantly differentially expressed between 173 the two diets (n = 4,900 genes, FDR < 0.05; SI Table 5B ). 174
175
The number of diet-responsive genes was roughly balanced between those that were more highly 176 expressed in monkeys fed the Mediterranean diet (hereafter "Mediterranean genes"; n = 2,664) 177 and those that were more highly expressed in monkeys fed the Western diet (hereafter "Western 178 genes"; n = 2,236). While balanced in direction, the effects of the two diets differed significantly 179 in magnitude (t(3124.9) = -26.0, p = 4.9 x 10-135). The effect size of diet on Western genes was, on 180 average, 1.6-fold larger than on Mediterranean genes ( Fig. 3B ). Thus, the Western diet induced 181 stronger perturbations in monocyte gene expression than the Mediterranean diet. were more highly expressed in Western-fed monkeys ("Western genes") was, on average, 1.6-fold larger than "Mediterranean genes" (t(3124.9) = -26.0, p = 4.9 x 10-135; mean effect sizes indicated by dashed lines). The effect sizes for differentially expressed genes are shown (FDR < 0.05, n = 4,900 genes). C) The proportion of Western genes (orange) and Mediterranean genes (blue) in the subsets of proinflammatory (top) and regulatory (bottom) genes are presented as log2 fold change from the null expectation (proportion of all genes that are proinflammatory or regulatory). Error bars were calculated through 10,000 permutations of the data. Western genes were enriched for proinflammatory (M1-like) genes (fold-enrichment = 1.27, 95% CI = 1.09, 1.46), whereas in the Mediterranean genes the same proinflammatory M1-like gene set was under-represented (foldenrichment = 0.74, 95% CI = 0.61, 0.88). Regulatory (M2-like) genes were also under-represented in Mediterranean genes (fold-enrichment = 0.67, 95% CI = 0.40, 0.97), but not in Western genes (fold-enrichment = 0.95, 95% CI = 0.60, 1.35).
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C IL6 1.22, FDR = 0.03; SI Table 5B ), and two subunits of the NF-κB protein (NFKB1 βdiet = -0.30, 187 FDR = 0.017; NFKB2 βdiet = -0.42, FDR = 0.012). Western genes were enriched for biological 188 processes critical to anabolic regulation of biomass content and replication, including response to 189 growth factor (GO:0070848, p = 4.6x10-3) and response to insulin (GO:0032868, p = 1.4 x10-3; 190 SI Table 6A ), suggesting that the Western diet reprogrammed proinflammatory immune, and 191 oxidative metabolic aspects of monocyte gene regulation. Meanwhile, Mediterranean diet 192 promoted antioxidation reductive processes (GO:0055114, p = 4.3x10-3; SI Table 6B) pathway, which lies upstream of ATF2 transcription factor activity (GO:0000186, p = 4.7x10-3, 213 SI Table 6A ) (Herlaar and Brown, 1999) . Thus, some of the diet-associated changes in monocyte 214 gene regulation may be mediated by changes in the activity and binding of key transcription 215
factors. 216 217
We next conducted a more targeted analysis of monocyte polarization, by focusing on genes that 218 were previously reported to be differentially expressed between induced proinflammatory (M1) 219 and regulatory (M2) monocyte polarization as defined in (Schmidl et al., 2014 ) (see SI Table  220 5A,B for polarization categories). Western genes were enriched for M1-associated genes (n = 221 162 genes, 27.1% more than expected, 95% CI = +9.0%, +45.9%; Fig. 3C ), but not M2-222 associated genes (n = 24 genes, 4.8% fewer than expected, 95% CI = -59.5%, +34.9%). 223
Conversely, the Mediterranean gene set was depleted for both M1-associated genes (n = 112 224 genes, 26.2% fewer than expected, 95% CI = -38.9%, -14.4%) and M2-associated genes (n = 20 225 genes, 33.3% fewer than expected, 95% CI = -60.0%, -3.3%). Together, these observations 226 indicate that a Western diet induces a more proinflammatory (M1-like) phenotype thus providing 227 a target for mechanistic follow-up studies. 228
229
Finally, we explored the potential for diet to alter the magnitude or direction of pairwise gene 230 expression correlations among the most strongly diet-affected genes. If so, this could reveal gene 231 regulatory networks that are altered by diet (de la Fuente, 2010; Gaiteri et al., 2014) . Many gene 232 pairs were identified that were significantly associated with each other in both diets, both 233 positively (n = 714) and negatively (n = 332, p < 0.05; SI Table 8A ). Drawing on a newly 234 developed approach, correlation by individual level product (CILP; (Lea et al., 2019)), we 235 identified 445 gene pairs that were differentially correlated in Mediterranean-versus Western-236 fed monkeys at a relaxed FDR < 20% (SI Table 8B ). The majority (97%) of these gene pairs 237
exhibited positive associations in one diet and negative associations in the other, as we have the 238 most power to detect differential correlation in gene pairs in which the direction of correlation is 239 opposite in the two diets. Some of these gene pairs were significantly correlated in reversed 240 directions (n = 23 gene pairs; nominal p-value < 0.05), suggesting that diet can reverse the co-241 expression relationship between two genes ( Figure 4A ). Importantly, we identified 16 "hub" 242 genes that exhibited differential correlations with partner genes more so than expected by chance 243 (Fig. 4B , SI Table 8C ). These hub genes were enriched for genes encoding transcription factors 244 
254
Diet-altered behaviors mediate some changes in monocyte gene expression 255
The strong effects of diet on both behavior and monocyte gene expression led us to examine if 256 the effect of diet on gene expression was mediated by diet-induced changes in behavior. Of the 257
C 4,900 diet-affected genes, 34% were also significantly associated with DAB in a univariate 258 model (n = 1,679, p < 0.05). Of these, DAB significantly mediated the effect of diet on the 259 expression of 872 genes (18% of all diet-associated genes, bootstrapped p < 0.05; Fig. 5A ). 260
These DAB-mediated genes were significantly more likely to be Western genes (n = 482, 55%, 261
two-sided binomial test p = 0.0020), and were enriched in biological processes such as regulation 262 of leukocyte migration (FET pBH = 0.0042; SI Table 9A-C). We also tested the possibility that 263 diet effects on behavior were mediated through changes in monocyte gene expression but found 264 no genes that significantly mediated the relationship between diet and DAB (bootstrapped p < 265 0.05; Fig. 5B ). 266 Here, we showed for the first time that a controlled, whole-diet manipulation exerts profound 269 effects on monocyte gene regulation and behavior in a primate. Forty percent of the expressed 270 genes were differentially expressed between monkeys fed Western or Mediterranean diets, 271
indicating that diet dramatically altered monocyte programming. Beyond differential gene 272 expression, we identified differences in gene co-expression and enrichment of transcription 273 factor binding motifs, suggesting that diet alters gene regulatory networks. More specifically, we 274 found that the Western diet promoted a more proinflammatory monocyte phenotype, while the 275
Mediterranean diet had a more benign effect suggesting better balance in monocyte polarization. 276
277
We identified the enrichment of binding motifs for numerous transcription factors that appear to 278 be involved in diet-regulated gene expression. Of note, members of the E26 transformation- The Western diet promoted a more proinflammatory monocyte polarization relative to 291
Mediterranean diet, which is consistent with that seen in brain myeloid cells of mice fed a 292
Western diet (Yang et al., 2019) . Conversely, Mediterranean diet could reduce proinflammatory 293 gene expression, as has been suggested in at least one study in humans (Camargo et al., 2012) . 294
Future comparisons of each diet to the current standard diet for captive primates will help to 295 identify which of these two non-mutually exclusive hypotheses is most likely. It is also worth 296 noting that the M1/M2 paradigm of monocyte polarization is a simplification of the 297 heterogeneity that exists within organisms (Martinez and Gordon, 2014; Nahrendorf and Swirski, 298 2016) and the patterns of gene expression following the diet manipulation described here may 299 indicate alternative phenotypes that fall outside of the simplified M1/M2 binary. 300
301
In addition to altering monocyte gene expression, this diet manipulation also led to differences in 302 a suite of important behaviors. Monkeys consuming the Western diet exhibited more anxiety and 303 social isolation, a phenotype remarkably similar to that observed in juvenile Japanese macaques 304 born to mothers consuming a high-fat Western diet (Thompson et al., 2018) . In that study, 305 offspring behavior was associated with maternal levels of macrophage-derived chemokine 306 (MDC), which showed higher expression in Western-diet fed animals in our study (βdiet = -0.243, 307 FDR = 0.059). Our findings extend the behavioral effects of a Western diet into adulthood. 308
Future work will investigate if the direct diet effects on adult behavior are mechanistically 309 similar to the transgenerational diet effects identified in Japanese macaques born to high-fat-fed 310
mothers. 311 312
For a subset (18%) of genes, the diet-altered behavior (DAB) phenotype mediated the effect of 313 diet on monocyte gene expression. Notably, the Western diet induced both a proinflammatory 314 monocyte phenotype, as well as social isolation and anxiety behaviors. It is, therefore, possible 315 that a Western diet contributes to inflammation by producing a more socially isolated or anxious 316 animal. Indeed, monocytes have been shown to be responsive to social stimuli, including social 317 isolation (Cole, 2019) and anxiety (Cole et al., 2015) , suggesting that part of the effect of diet on 318 monocyte function may be due to diet-induced changes in socially relevant behaviors. In support 319 of this hypothesis, animals fed a Western diet exhibited significantly higher expression of pro-320 inflammatory genes involved in the "conserved transcriptional response to adversity" (CTRA; 321
Wilcox T-test p = 0.016; (Cole et al., 2015) , and lower expression of antiviral-and antibody-322 related CTRA genes (Wilcox T-test p = 0.023; SI Fig. 6) . inflammatory action of n-3 fatty acids in the brain (Layé et al., 2018) . We previously showed 329 that diet had a strong effect on the microbiome (Nagpal et al., 2018) , which is a key component weight, gene expression, and behavior. This heterogeneity in response to diet is consistent with 338 previous studies demonstrating that some individuals may be more resistant (or susceptible) to 339 the effects of a Western diet (Shively et al., 2009) , presumably due to genetic variation or past 340 environmental experiences. However, we were unable to identify any consistencies in individual 341 responsiveness across the phenotypes (SI Fig. 7) . For instance, monkeys that exhibited a strong 342 gene regulatory response to the Western diet did not also exhibit the largest increase in body 343 weight. Change in body weight was significantly correlated with diet-altered behavior (DAB) 344
within Western diet fed monkeys (rWestern = -0.584, p = 0.0069; SI Fig. 7A ), but change in body 345 weight did not significantly predict the expression of any genes at an FDR < 20%. Western diet 346 fed individuals thus exhibited a mosaic response to diet across multiple phenotypes, of which the 347 underlying mechanisms remain unknown but presumably involve interactions between diet, 348 environment, and the genome. unknown. Ongoing and future work will address interactions between social behavior (e.g., 360
social status) and diet to further understand how environmental stressors may impact 361 inflammation in the periphery and in the central nervous system. 362
Methods 363
Subjects 364
At study initiation, subjects were 43 adult (age: mean = 9.0, range = 8.2-10.4 years, estimated by 365 dentition), female cynomolgus macaques (Macaca fascicularis), obtained from Shin Nippon 366
Biomedical Laboratories (SNBL USA SRC, Alice, TX) and housed at the Wake Forest School of 367
Medicine Primate Center (Winston-Salem, NC) as described previously (Shively et al., 2019) . 368
Briefly, monkeys were socially housed in groups of 3-4 and consumed standard monkey chow 369 (SI Table 1 ) during an eight-month baseline phase, after which they were fed either the Western 370 chow, see SI Table 1 . 397 398
Behavioral Characterization 399
Behavioral data were collected weekly during two 10-minute focal observations, randomly 400 ordered and balanced for time of day, for 6 weeks during the baseline phase (2 total observation 401 hours/monkey) and for 12 months during the experimental phase (15 total observation 402 hours/monkey). Behaviors were collected as previously described (Shively, 1998) , and combined 403 into summary behaviors (e.g., "aggression" was a combination of all total, noncontact, contact 404 aggressive events). A complete table of all behavioral data can be found in SI Table 2 . In order to 405 quantify the overall impact of diet on behavior, we conducted a principal component analysis 406 using the R package FactoMineR (Lê et al., 2008) . 407 408
Blood Sample Collection 409
We briefly removed monkeys from their social group, drew blood via venipuncture within 9 410 minutes of entering the building, and returned the animal to their group. Blood was collected into 411 EDTA-containing tubes, mixed with an equal amount of PBS without calcium or magnesium, 412 and overlaid on a 90% Ficoll-Paque Plus/10% PBS solution in LeucoSep tubes followed by 413 centrifugation at 800 x g for 20 min. Isolated PBMCs were then immediately used for the 414 First, we removed lowly expressed genes (median reads per kilobase per million reads mapped < 436 1), which resulted in 12,240 genes for our downstream analyses. We normalized read counts 437 using the voom function of the R package limma (Ritchie et al., 2015) . While investigating 438 monocyte purity, three samples differed in CD3 gene expression from the rest by several orders 439 of magnitude. We concluded that these samples were contaminated with CD3+ cells (i.e., 
Modeling Effect of Diet on Gene Expression 448
In order to determine which genes were significantly affected by diet, we modeled the residual 449 expression of each gene as a function of diet using a linear mixed effects model controlling for 450 relatedness among monkeys using the R package EMMREML (Akdemir and Godfrey, 2015) . 451
Relatedness was estimated using the ngsRelate program (Hanghøj et al., 2019) with SNP 452 genotypes inferred from the RNA-seq reads using bcftools mpileup (Li et al., 2009 ). We 453 calculated an empirical false discovery rate (FDR) for each gene using a permutation-based 454 approach (Snyder-Mackler et al., 2016). Genes that passed a threshold of FDR < 0.05 were 455 considered differentially expressed between the two diets. To examine global patterns of 456 variation in gene expression, we conducted principal component analysis on the correlation 457 matrix of normalized residual gene expression using the prcomp function in R. 458 459
Enrichment analyses 460
Gene ontology (GO) enrichment analyses were conducted using Fisher's Exact Tests using the 461 weight01 algorithm to test for enrichment implemented in the R package topGO (Alexa and 462 Rahnenfuhrer, 2019). For a more targeted analysis of M1 and M2 specific genes, we identified a 463 set of differentially expressed genes in our data set that were previously found to be involved in 464 monocyte polarization (Schmidl et al., 2014) (638 proinflammatory and 138 regulatory), which 465 we used to explore monocyte polarization in the current study. We calculated the proportion of 466 genes more highly expressed in the Mediterranean-and Western-fed animals in each polarization 467 category and tested for significance using a permutation test (n = 100,000 permutations). 468 469
Transcription Factor Binding Site Analysis 470
We tested for enrichment of transcription factor binding motifs within 2 kb (upstream or 471 downstream) of the transcription start sites of differentially expressed "Western genes" or 472 "Mediterranean genes" (FDR < 0.05) using the program HOMER (Heinz et al., 2010) and 473 equivalent regions around the transcription start sites of all genes expressed in these data as the 474 background set for enrichment testing. We searched for known vertebrate transcription factor 475 binding motifs and report the TF motifs passing a threshold of FDR < 0.05. 476
477
Gene-gene co-expression analysis 478
In addition to testing whether diet led to mean differences in gene expression between Western 479
and Mediterranean animals, we also tested whether diet impacted the correlation structure among 480 expressed genes (i.e., gene co-expression). Specifically, we used 'correlation by individual level 481 product' (CILP) (Lea et al., 2019) , to test whether diet affected the magnitude or direction of 482 pairwise gene expression correlations among the top 140 most differentially expressed genes (n 483 = 9730 gene-gene pairs tested, equivalent to 140C2). To test whether a given pair of genes was 484 differentially co-expressed as a function of diet, we first obtained a vector of products for each 485 gene pair by multiplying the normalized gene expression values for two genes together. 486
Normalization was performed by scaling expression values to mean 0 and unit variance within 487
Mediterranean and Western subsets of the data respectively, to ensure that distributional 488 differences between sample groups did not bias our results, following previously described Using this approach, we identified 445 gene pairs that were significantly differentially co-498 expressed as a function of diet at a 20% empirical FDR. Next, we performed two follow up 499 analyses to understand their biological import. First, we tested for the existence of 'hub genes', 500 defined as genes that displayed differential co-expression to their tested partner genes more so 501 than expected by chance. To define the null distribution for identifying hub genes, we randomly 502 sampled 445 gene pairs from the set of all 9730 tested gene pairs 1000 times and calculated the 503 number of partners a focal gene had in each sample; we considered a gene to be a significant 504 'hub gene' if it fell outside the 95th percentile of this distribution, which was equivalent to a focal 505 gene that displayed significant differential co-expression with 13 or more of its tested partner 506 genes. Second, we asked whether the set of 'hub genes' we identified were enriched for 507 transcription factors, relative to the background set of all 140 genes tested for differential co- To test if DAB mediated the effect of diet on gene expression, we conducted mediation analyses. 516
We used a bootstrapping approach where we conducted 10,000 bootstrap iterations of two 517 models: (Model 1) the expression of each gene as a function of diet, and (Model 2) the 518 expression of each gene as a function of diet and DAB (Preacher and Hayes, 2004) . For each 519 bootstrap iteration, we then calculated the mediation effect (i.e., the indirect effect) of DAB as 520 the difference between the effect size of diet in Model 1 (βdiet) and Model 2 (β'diet). We 521 considered there to be a mediation effect when the 95% confidence interval for the indirect effect 522 (βdiet-β'diet) did not include zero. 523
A similar method was used to calculate the mediation of gene expression on DAB, testing the 525 difference between the effect size of diet in two models: (Model 3) DAB as a function of diet, 526
and (Model 4) DAB as a function of diet and the expression of each gene. 527 528
Data Availability 529
All data and code used to complete these analyses can be found at 530 https://github.com/cscjohns/diet_behavior_immunity. The raw data can be accessed from the 531 gene expression omnibus repository from accession # GSE144314. 532 533 Acknowledgments 534
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